The photocatalytic activity of hydroxyapatite(HAp) and its activation mechanism were studied. The author demonstrated that the oxidative decomposition of the odor compounds such as methyl mercaptane(MM) and dimethyl sulfide(DMS) occurred under UV(254nm) irradiation when HAp was employed after heat treatment at 200℃. The XPS, FT-IR and ESR characterizations revealed that UV irradiation modified the PO 4 groups on the HAp surface, and generated a trapped electron and active O 2 ・species. These observations strongly suggested that the oxygen vacancy was produced by UV irradiation. The structural water in HAp was believed to promote the formation of the trapped electron. These results indicate that the HAp can be considered a promising material as a photo-induced catalyst in environmental technology.
INTRODUCTION
Hydroxyapatite is widely used as bioceramics, e.g., artificial bones and teeth, and as absorbents for chromatography. It sometimes catalyzes the reactions of alcohol, １，２ 1-butene ３ and cyclohexanone oxime, ４ and the synthesis of phenol. ５，６ In the previous papers 7 -9 , the author et al. have proposed safe treatment method of various environmental pollutants with the hydroxyapatite. The chlorinated organic compounds such as trichloroethylene, tetrachloroethylene and chlorobenzene were oxidatively decomposed over calcium-deficient hydroxyapatite at 450-500℃. In these processes, the catalytic behaviors largely depended on crystalline structure of calciumdeficient hydroxyapatite.
Stoichiometric hydroxyapatite (Ca １０ (PO 4 ) ６ (OH) ２ : HAp) is stable up to ca.1200℃ and recognized as an effective catalyst. Kanai et al. 10, 11 reported on the formation of radical species on HAp under UV irradiation by ESR studies. It is recently recognized that "atomic transfer" induced by electron-or photo-induced excitation arises for a variety of inorganic materials. This provides an effective methodology in the developments of "new materials science". Further studies on the catalytic behaviors of the HAp based on photo-induced excitation and the activation mechanism can offer wide possibilities for future applications. The author reported the thermal behavior of HAp through structural and spectroscopic characterizations and the relation between the optical properties induced by heat treatment and radical formation were discussed 12 . We also described the formation of the labile radical species on the HAp surface by UV irradiation and the photo-induced decomposition of odor compounds containing sulfur 13, 14 . It was demonstrated here that superoxide anion was produced on HAp after heat treatment at 200 ℃ by UV irradiation. The photocatalytic decomposition of methyl mercaptane(MM) on the HAp under UV irradiation was very effective. On the other hand, HAp after heat treatment at 1150℃ was inactive.
In this review, the characterization of HAp and the activation mechanism of photo-induced HAp are discussed and an application to the composite photocatalytic filter for decomposition of odor compounds.
THERMAL BEHAVIOR OF HAP
Studies on the thermal activation of HAp are particularly significant when it is employed as an environmental protection material. In this section, the author describes the thermal behavior of HAp through structural and spectroscopic characterizations. The relations between the optical properties induced by heat treatment and radical formation are discussed, the latter of which is caused by appearance of a vacancy in the apatitic structure. This approach is believed to be the first step in studies on photo-induced excitation of HAp in photocatalysis.
X-ray powder diffraction(XRD) patterns of HAp were obtained after heat treatments at 100, 550, 900 and 1150℃. All the peaks of the XRD patterns were assigned to those of HAp itself according to the literature. Both of the sharpness and intensity of each peak increased with rising temperature, indicating that crystallinity of the HAp sample got higher with treatment at higher temperature.
Fourier transform infrared(FT-IR) spectra of HAp were measured after heat treatment at various temperatures. Since the peaks due to H 2 O did not appear after heat treatment at 1150℃, the structural water was confirmed to be left the apatitic structure after heating at 900-1150℃.
These XRD and FT-IR measurements revealed that the basic apataitic structure of HAp sample scarcely varied by heat treatments, though the structural water left the lattice and the apatitic OH and PO 4 appeared clearly. The crystalline structure would be close by heating.
UV AND FLUORESCENCE SPECTROSCOPIC CHARACTERIZATIONS
UV/Vis reflectance spectra of the HAp were observed after heat treatment. The absorption intensity around 660nm was dependent on the treatment temperature: 1150>550>900>100 ℃ .The observed order is parallel to that of the coloring degree. The absorption of HAp after heat treatment at 1150℃ would be caused by the formation of a color center as described in the next section. Strong UV absorption around 230nm was recorded only for the sample No.4 treated at 1150 ℃ .This shows that spectral properties of the HAp sample changed after heating at 900-1150℃ and that strong UV absorption by electron excitation was readily induced. The excitation was confirmed to modify the surface structure of HAp.
The fluorescence spectra of the HAp samples were measured. The three samples No.1-No.3 treated at 100, 550 and 900℃ exhibited similar fluorometric characteristics, while sample No.4 treated at 1150℃ had fluorescence around 320nm. This clearly demonstrates that the characteristics of the HAp treated at 1150℃ were different from those of the HAp samples treated at 100-900℃.The difference in the fluorescence relaxation process of the samples is probably related to the radical formation.
RADICAL FORMATION BY HEAT TREATMENT
ESR spectra of the HAp samples were measured at -196℃(FIGURE 1). Kanai et al. reported that oxygen was activated on HAp heated in vacuo at 700℃ and proposed the formation of vacancies. Our HAp samples treated at 900 and 1150 ℃ also exhibited ESR signals indicating radical formation. Three g-values(gx=2.0185, gy=2.0049, gz=1.9864) were given for the HAp treated at 1150℃, which indicate O 2 ・species generated by a reaction of adsorbed O 2 from air and an electron generated in the heating process. It clearly demonstrated that the atmosphere around O 2 ・species after heating at 1150 ℃ was different from that after heating at 900℃. As described in the FT-IR characterization, the adsorbed water was more easily lost at higher temperature. Furthermore, the fact that the g-value was influenced by the heating temperature suggests that the O 2 ・radicals move in the apatitic structure and the oxygen vacancy site also moves in the crystalline state. Similar phenomena were reported in the case of TiO 2 by Okamoto et al. The apatitic structure can be altered by heating at 900-1150℃. The removal of the structural water would lead to the vacancy movement followed by formation of the color center. The visible changes recorded around 660nm of the pre-heated samples at the different temperatures well supported this fact. 
PHOTOCATALYTIC DECOMPOSITON OF METHYL MERCAPTANE
The photocatalytic decomposition efficiencies of MM with two kinds of HAps are compared in FIGURE 3 . The two were heat treated at 200℃ (HAp200)and 1150℃(HAp1150) before use. In these experiments, the concentration of MM occurred was kept at 1-2 ppm level after adsorption/desorption equilibrium. Little decomposition of MM occurred either with or without HAp1150, even if UV light was irradiate. On the other hand, MM very effectively decomposed upon UV irradiation in the presence of HAp200. After UV-irradiation for 60min, the decomposition of MM using HAp200 quantitatively occurred and reached 96%.The results strongly suggest that active radical species, that is O 2 ・as described above, were produced on the surface of HAp200 by UV-irradiation, though few of these active species were generated on the surface of HAp1150. Although HAp200 and HAp1150 had different adsorption abilities for MM, there was no significant difference in photocatalytic decomposition behavior. The fact that the decomposition of MM on HAp200 was largely induced by UV-irradiation confirms that the photocatalytic decomposition of MM using HAp200 corresponds to the increase in amount of O 2 ・ - species. Since the conversion of MM using HAp200 under black-light irradiation around 360nm was 30%, high energy UV-irradiation is effective for active radical formation on the surface of HAp.
The photocatalytic activity in the decomposition of low-levels of MM were maintained for 5h or longer (FIGURE 4 ). Under UV irradiation MM comlpletly decomposed under the employed conditions and its concentration level remained almost negligible. The HAp was confirmed to have potential as an effective catalyst in green chemistry and technology.
The decomposition reaction of higher concentrations of MM gas(169ppm v/v) was carried out under UV-irradiation, and after 1h, 35-39% of MM had decomposed. Interestingly, small amounts of DMDS(10ppm v/v), SO 2 (3ppm v/v) and formic acid(0.6 ppm v/v) were detected in outlet gas. These observations probably suggest that DMDS and formic acid are the intermediates in this catalytic reaction. Since SO 2 produced by the reaction is known to be adsorbed by HAp200, the photocatalytic reaction for MM over HAp200 would proceed as follows:
PHOTOCATALYTIC DECOMPOSITION OF DIMETHYL SULFIDE
Two types of HAp samples (HAp-1 and HAp-2) were investigated further to compare the effect of crystallinity of HAp on the catalytic activities. HAp-1 was prepared similarly to the HAp200 employed in the previous sections, and its aging time was 4 h, followed by filtering, drying at 100℃ and being treated at 200℃ for 1h. HAp-2 was prepared by keeping the slurry after synthesis at pH8 and by aging for 24 h, followed by filtering, drying at 100℃ and treating at 200 ℃ for 1h. The photocatalytic decomposition efficiencies of DMS under UV irradiation for these two HAp samples are shown in FIGURE  5 .
Although little photocatalytic decomposition of DMS occurred in the blank test, HAp-2 was demonstrated to have higher catalytic activity than HAp-1. When HAp-1 was employed, 74-78% of DMS was decomposed and a considerable amount of the odor materials still remained. On the other hand, HAp-2 offered complete decomposition of DMS under the employed conditions, only <2% of DMS was found.
The surface area of HAp should be considered when the catalytic activity is discussed. The BET surface areas of the two kinds of HAp were determined. Since HAp-2 had a smaller area (43 m 2 g -1 ) than HAp-1 (60 m 2 g -1 ) , the photo-reaction profile of the HAp surface should be the more important factor. The photocatalytic decomposition behavior of low concentration of DMS over HAp-2
FIGURE 4
Continuous photocatalytic decomposition of low concentration of MM. was investigated. The conversion of DMS remained almost 100% from 90min after UV irradiation. Since the tested concentration levels of the DMS are the maximum usually existing in the actual emission gases and atmosphere, HAp-2 was confirmed to have very effective activity at a practical level in the photo-reaction profile of the HAp surface should be the more important factor.
The photocatalytic decomposition behavior of the low concentration of DMS remained almost 100% from 90min after UV irradiation. Since the tested concentration levels of the DMS are the maximum usually existing in the actual emission gases and atmosphere, HAp-2 was confirmed to have very effective activity at a practical level in the photo-catalytic decomposition of odor compounds. In the high concentration of DMS (92ppm v/v), the average decomposition of DMS was estimated as 28%. The formation of SO 2 and CO 2 calculated from the concentration detected in outlet gas were 0.04 and 102%, respectively, while DMDS was not detected in decomposed gas. Interestingly, carbon in the starting material, DMS, was almost completely converted to CO 2 . The SO 2 was also thought to be produced by this reaction and then adsorbed by the HAp sample as described in the previous section. These results would show that the photocatalytic oxidation proceeds very effectively and stoichiometrically on the HAp surface under UV irradiation as follows:
FT-IR AND XRD CHARACTERIZATION OF TWO HAP SAMPLES
FT-IR spectra and XRD patterns of HAp-1 and HAp-2 were measured and their structural characterizations were compared. The bands due to apatitic OH appeared at 3570 and 630 cm -1 , and the broad peaks around 3400 and 1640 cm -1 were assigned to H 2 O in apatitic structure. The characteristic bands for PO 4 group were observed around 1030 and 962 cm -1 . Since the spectra of HAp-1 almost coincide with those of HAp-2, the structural difference between HAp-1 and HAp-2 was rarely recorded in the IR characterizations.
In the XRD patterns of the HAp samples as shown in FIGURE 6 , the broadening of XRD peaks strongly suggests the lowering of crystallinity of the corresponding lattice directions, though the crystallinity is influenced by the crystal size and disorder. The (300) peak of HAp-1 apparently broadens compared to that of HAp-2, while the (002) peaks of the two samples have similar sharpness. Therefore, the HAp-1 crystals should have a lower crystallinity than crystals of HAp-2 toward the apataitic a-axis, but a similar crystallinity toward the c-axis. In other words, HAp-2 crystals have a high crystallinity toward the a-axis.
Ozaki et al. reported that the apatite and related compounds offered different catalytic activities due to different disorders of the crystals. Ohno et al. also found that one crystal face was more oxidative than the other faces in the photocatalytic reactions with TiO 2 . From these studies and our results, it can be concluded that HAp-2 exhibited higher photocatalytic activity in the decomposition of DMS due to its higher crystallinity toward the a-axis of HAp crystal.
FT-IR AND XPS CHARACTERIZATION BEFORE AND AFTER UV IRRADIATION
FT-IR spectra of HAp200 before and after UV irradiation were measured. The intensities observed at 3570cm -1 (OH) and 1030cm -1 (PO 4 ) were changed upon irradiation, while the peak 960 cm -1 has constant absorbance before and after UV irradiation. Their intensity ratio were calculated. The peak due to PO 4 at 1030 cm -1 decreased considerably with UV irradiation, while the band due to apatitic OH group varied slightly before and after UV irradiation. These spectral changes support that the surface PO 4 group was partially changed by UV irradiation, though it scarcely influenced the structure of apatitic OH in HAp. The electron state of surface PO 4 group on HAp may play an essential role in the catalytic activation as reported in the phosphorus catalyst by Vedrine. Our FT-IR, XPS and ESR results suggest that the vacancy and the O 2 ・species would be generated on HAp200 in connection with changes of the PO 4 group.
To examine the surface changes of HAp200 by UV irradiation, XPS measurements were repeated before and after the irradiation. Each binding energy of Ca(Ca 2p3/2), P(P 2p) and O(O 1s) shifted to a lower energy level of 0.05-0.10 eV after UV irradiation and nearly returned to each of the former levels after standing for 1h in a dark place. The fact probably indicate that the surface of HAp has a slight electronconductivity by UV irradiation and may suggest the formation of radical species.
Since the irradiated sample exhibited the same binding energies after standing for 1h, these phenomena on HAp200 were reversible. The intensities of Ca and O peaks increased with UV irradiation and returned to nearly their former level in dark. On the other hand, the intensity of P peak increased with gradually under the same condition. Since the peak of O includes the oxygen atoms of structural water, the peak should offer different behavior from those of P. These facts suggest that the bonding of P might be perturbed by UV irradiation. As described above, our FT-IR studies support that irradiation caused same slight changes of PO 4 on the surface of HAp.
ESR STUDIES AND PHOTO-INDUCED ACTIVATION MECHANISM
ESR studies were performed with these two kinds of HAp(HAp200 and HAp1150).In HAp1150, the O 2 ・species were slightly influenced by UV irradiation, but maintained a stable state. The spectrum before UV irradiation was subtracted from that after UV irradiation in HAp200.The obtained "singlet-like" signal at g=2.0030 could be assigned to the electron trapped on vacancy.
Our studies described above showed that the surface of HAp200 was activated by UV irradiation to generate the active O 2 ・-. Both the changes of PO 4 group on the HAp surface and the generation of a trapped electron suggest that the oxygen vacancy was induced by UV irradiation. The oxygen was activated by the electrons trapped on the vacancy in HAp200, and the labile O 2 ・species was formed. The resulting radicals must be very active in oxidizing the odor compounds. These phenomena on HAp200 were photo-induced electronic excitation in a similar fashion to the plasma-treated TiO 2 systems 15 . In contrast, the stable O 2 ・species were confirmed to exist on HAp1150 even without UV irradiation. These were held tightly by the surrounding matrix. Since the trapped electron and labile O 2 ・species were not generated on HAp1150 under UV irradiation, HAp 1150 could be inactive for surrounding odor compounds under UV irradiation. The structural water in HAp was believed to promote the formation of the trapped electron.
